Many bunyaviruses of the Bunyamwera and California serogroups are medically important human pathogens. The development of an effective technique to detect the viruses by using molecular biologic tools, such as PCR, improves not only clinical diagnosis but also virologic surveillance of mosquito vectors in the field. In this study, we evaluated eight pairs of primers for reactivity with 44 viruses of the genus Bunyavirus, using a reverse transcriptase PCR technique. With a pair of serogroup-specific primers we designed, all viruses of the serogroups tested could be detected. Further, virus-specific primer pairs were identified for California encephalitis virus, Jamestown Canyon virus, La Crosse virus, and snowshoe hare virus for use in North America. Using this technique, we could detect one La Crosse virus-infected mosquito in a pool of 100 mosquitoes with undetectable plaque titers.
Many viruses that belong to the Bunyamwera and California serogroups are recognized as important human pathogens worldwide. In North America, at least four viruses-the California encephalitis (CE), Jamestown Canyon (JC), La Crosse (LAC), and snowshoe hare (SSH) viruses-have been responsible for diseases ranging from benign febrile illness to encephalitis (5) . Elsewhere, the members of the groups are associated with major epidemics and even hemorrhagic diseases (11, 12) . Virologic surveillance of those viruses depends primarily on detecting the viruses in arthropod vector populations in nature. Although serologic immunoassays are available for antigen detection of a few viruses and although reactions (measured as optical density) to the target antigens are greater than those to other antigens, cross-reactions to very closely related viruses still cannot be ignored (1, 8) . On the other hand, the traditional approach, the neutralization test, is time-consuming and laborious, particularly when a large number of field specimens (such as mosquito pools) must be tested. Thus, the development of a reliable and more efficient procedure of virus detection and identification by other means, such as PCR, is critical for improving virologic surveillance in arthropod populations in areas where these diseases are endemic as well as for laboratory diagnosis of clinical cases. Although a few PCR protocols for LAC virus and other related viruses have been published (16, 17) , cross-reactivities of the primers used in those studies among members of the genus Bunyavirus, which has more than 18 antigenic groups (2), have not been determined extensively. Further, specific primers for a few important pathogens, such as CE and JC viruses, have not been reported. In this study, we first selected both group-specific and virusspecific primers for CE and JC viruses, then determined the sensitivities and specificities of the primers (including those previously reported), and finally evaluated the efficacy of virus detection in mosquito pools.
MATERIALS AND METHODS
Viruses and RNA preparation. The 44 viruses of the genus Bunyavirus used in the experiments are 24 viruses of the Bunyamwera and California serogroups (see Table 2 ) and 20 viruses that belong to other antigenic groups: Anopheles A, Bwamba, Pongola, Marituba, Oriboca, Capim, Gamboa, Guama, Koongol, Minatitlan, Patois, Aino, Buttonwillow, Mermet, Oropouche, Bahig, Tsuruse, Weldona, Lednice, and Turlock. Four alphaviruses (eastern equine encephalomyelitis, Fort Morgan, Highlands J, and western equine encephalomyelitis viruses) and two flaviruses of North America (Powassan and St. Louis encephalitis viruses) were used for specificity tests. The bunyaviruses, alphaviruses, and flaviviruses were grown in BHK, Vero, and mosquito (C6/36 clone of Aedes albopictus) cell cultures, respectively. After 2 to 7 days of incubation, when immunofluorescence tests revealed cellular infection exceeding 90%, supernatant fluids were collected, aliquoted, and frozen at Ϫ80ЊC. Supernatant fluids from uninfected cell cultures served as sources of negative controls. Virus titers were determined by plaque assay in Vero cells (for bunyaviruses and alphaviruses) or in BHK-21 cells (for flaviviruses). To minimize variation in PCR detection among viruses caused by insufficient amounts of viral RNA, we used only those cultures that had plaque titers exceeding 5 log 10 PFU/ml. RNA was extracted from 100 l of supernatant fluid with 1 ml of Trizol reagent (Life Technologies, Gaithersburg, Md.) and 200 l of chloroform, according to the instructions provided by the commercial source. The RNA was precipitated with isopropanol and washed with 75% ethanol. After the ethanol was removed, the RNA was dissolved in 50 l of RNase-free water.
For the determination of the sensitivity limit, viral RNA was extracted from each of 10-fold serial dilutions of a virus with a known plaque titer.
Mosquito pools. A. albopictus adults were intrathoracically inoculated with viruses, according to the method of Rosen and Gubler (14) . The doses of LAC, CE, and JC viruses were 131, 67, and 53 PFU per mosquito, respectively. Inoculated mosquitoes were harvested at several intervals during the first day and on days 2, 3, and 7 after inoculation. Two sizes of pools (1 and 100 mosquitoes) were prepared for LAC virus by using 1 inoculated A. albopictus mosquito alone (pool size of 1) or mixing 1 inoculated with 99 uninfected A. albopictus mosquitoes (pool size of 100). As negative control pools for the experiments with CE virusand JC virus-infected mosquitoes, adults of three species of mosquitoes (primarily Aedes nigromaculis and Aedes vexans, with a small number of Psorophora signipennis mosquitoes) reared from field-collected larvae were used. Each pool was triturated in 2 ml of BA-1 diluent (0.05 M Tris [pH 7.6], 0.35 g of sodium bicarbonate per liter, 1% bovine serum albumin, 20 mg of phenol red per liter, 100 U of penicillin per ml, 100 g of streptomycin per ml, and 1 g of amphotericin B [Fungizone] per ml) (10) . Supernatant fluids of triturated samples were plaque-titrated in Vero cell cultures.
Reverse transcriptase PCR. Group-and virus-specific primers (for CE and JC viruses) were selected by using Oligo (National Biosciences, Plymouth, Minn.) and Primer Select (DNA Star, Inc., Madison, Wis.) software. The reverse transcriptase PCR procedure, utilizing a commercial kit (Gene Amp RNA PCR kit; The Perkin-Elmer Corp., Foster City, Calif.), was described by Vodkin et al. (16) . Briefly, 1 l of RNA was mixed with 9 l of a mixture containing 2 l of MgCl 2 (25 mM), 0.5 l of water, 1 l of 10ϫ PCR buffer II, 4 l of deoxynucleoside triphosphates (2.5 mM each), 0.5 l (10 U) of RNase inhibitor, 0.5 l (25 U) of murine leukemia virus reverse transcriptase, and 0.5 l of random hexamers (50 mM). The reaction mixture was incubated at 42ЊC for 15 min and at 99ЊC for 5 min and held at 5ЊC. Forty microliters of a PCR mixture containing 2 l of MgCl 2 (25 mM), 4 l of 10ϫ PCR buffer II, 32.5 l of water, 0.25 l (1.25 U) of Taq DNA polymerase (The Perkin-Elmer Corp.), and 1 l of an equimolar mixture of a pair of primers (12.5 to 50 pmol each) was added to each tube. The tubes were thermocycled on the following schedule: 39 cycles each consisting of 1 min at 94ЊC, 1 min at 56ЊC, and 1 min at 72ЊC and one cycle of extension for 5 min at 72ЊC. Electrophoresed amplicons were visualized in a 1% agarose gel with ethidium bromide. All tests were conducted at least twice. Sensitivity was expressed as the minimal detectable log 10 PFU per milliliter. The authenticity of the amplicons produced with a pair of group-specific primers was verified by nucleotide sequencing, using a Taq DyeDeoxy Cycle Sequencing Kit (Applied Biosystems, Foster City, Calif.). The sequence was resolved with an ABI model 373A DNA sequencer (Applied Biosystems).
RESULTS

Bunyamwera and California serogroup-specific primers.
We designed a two-stage PCR protocol by which members of the Bunyamwera and California serogroups are detected with group-specific primers in the first stage of screening and identified with virus-specific primers in the second stage. In the preliminary study, we evaluated the published diagnostic primers for California serogroup viruses and concluded that they could not be used as group-specific primers, since they were cross-reactive with only a few viruses in the serogroups (17) . The pair of primers that we developed derives from the small RNA segment of the LAC virus genome. The pair, when modified with several base substitutions, generates a 251-bp amplicon (primer pair A in Table 1 ). The specificity of the pair was studied with 44 viruses of the genus Bunyavirus. As shown in Fig. 1 and Table 2 (primer pair A), all 24 viruses of the Bunyamwera and California serogroups tested were detected. Base sequence comparison of the amplicons of the CE, Keystone, JC, LAC, and SSH viruses with the corresponding sequence data in GenBank revealed 99.5, 100, 98.8, 99.4, and 99.6% homology, respectively, and confirmed the authenticity of the products. The viruses of other antigenic groups were not de- Table 1 ) with RNAs of bunyaviruses. MW, Molecular size marker (from top to bottom, 1 kbp and 700, 500, 400, 300, 200, and 100 bp); CONTROL, negative control; TEN, Tensaw; SA, San Angelo; KEY, Keystone; MEL, Melao; SDN, Serra do Navio; TAH, Tahyna; BWA, Bwamba; GRO, Guaroa; ILE, Ilesha. alomyelitis virus strain (NJ/60) generated a faint band with an irrelevant size much larger than 300 bp. A more extensive cross-reactivity study with 11 other eastern equine encephalomyelitis virus strains isolated from various locations in the Americas revealed that NJ/60 was the only strain that generated a band of irrelevant size (result not shown). The sensitivities of the primers ranged from 1.0 log 10 PFU/ml (for Serra do Navio virus) to 5.4 log 10 PFU/ml (for Main Drain virus) and was 2.1 log 10 PFU/ml for the homologous virus (LAC virus) ( Table 2) . Virus-specific primers. The molecular sizes of the products when seven pairs of primers (A, B, C, E, F, G, and H) were used with homologous viral RNA are shown in Fig. 2 . All eight pairs of primers were tested with 44 viruses, except for pair D, which was tested only with 24 Bunyamwera and California serogroup viruses. The results in Table 2 demonstrate that pair B is LAC virus specific, while pair C is reactive with both LAC and Tensaw viruses. Pair D is cross-reactive with Keystone and LAC viruses. Among SSH virus-reactive primers, pair E is reactive with SSH and South River viruses, while pair F is SSH virus specific. Pair G was specific for CE virus, while pair H was reactive with JC and Inkoo (INK) viruses (Table 2) . No crossreaction with alphaviruses and flaviviruses of North America was observed.
Detection of LAC virus strains. The four pairs of LAC virus-reactive primers (A, B, C, and D) were used for detecting nine strains of LAC virus isolated in different parts of the United States. Although three pairs detected all strains, one pair failed to detect four strains (Table 3) .
Detection of LAC virus in mosquito pools.
Inoculated mosquitoes harvested after different periods of incubation were used to prepare two sizes of mosquito pools. All tests were conducted blindly. The results obtained with LAC virus-inoculated pools are shown in Table 4 . With each of the three pairs (A, B, and C) of primers compared, the results for two or three pools were negative. All negative results were observed with pools that contained a single inoculated mosquito, harvested between 3.5 and 6.5 h after inoculation, whose plaque titers ranged from 0 to 1 log 10 PFU/ml. Two pools containing an inoculated mosquito harvested at 3.5 and 6.5 h but without detectable virus by plaque titration were nevertheless detected by PCR. All pools with infectious titers exceeding 10 PFU/ml were detected. Overall, all primer pairs detected the virus as early as 3.5 h after inoculation in a pool of 100. The specificity was 100% for all primer pairs.
Detection of CE and JC virus-infected pools. CE virus-infected mosquitoes were harvested at 3.5, 6.5, 21, 29, 51, 75, and 99 h and 7 days after infection. The earliest detection by the group-specific (pair A) and CE virus-specific (pair G) primers was 21 h after inoculation ( Table 4 ). The pools containing mosquitoes harvested within 6.5 h after inoculation were negative by both plaque assay and PCR. The lowest infectious titer of a pool detectable by PCR was 1.8 log 10 PFU/ml. JC virusinfected mosquitoes were harvested according to a similar schedule. The earliest detection by the group-specific (pair A) and virus-specific (pair H) primers was found in a pool containing a mosquito harvested 5.5 h after inoculation (2.2 log 10 PFU/ml) ( Table 4 ). The five pools harvested immediately after inoculation (0 h) had titers ranging from 1.5 to 1.9 log 10 PFU/ ml. The detection of virus in those five pools by PCR was variable. All pools produced weak positive results in one of the first two trials. After six replicate trials, the results were all interpreted as negative in the blind test, since positive scores were obtained only twice (fewer than 50% of the trials). With both the CE and JC virus-infected mosquito pools, the specificity of the PCR was 100%.
DISCUSSION
As the number of sequenced viruses of the family Bunyaviridae has increased (3, 7, 13) , the selection of group-specific primers has become possible. These primers are useful for screening a large number of mosquito pools for related viruses in a given area in order to reduce the number of positive pools that need to be identified with virus-specific primers. Thus, our Bunyamwera-California group-specific primers are useful, since they can detect all members of the two serogroups studied so far. One unexpected result was their detection of viruses of the Bwamba group. These viruses are currently classified as a group distinct from but related to the Bunyamwera and California serogroups (2) . In fact, a recent study with the neutralization test strongly suggested a close relationship between the two groups (8a).
As shown in our results, the diagnostic primers for LAC viruses reported previously (16) were not virus specific. Other diagnostic primers for LAC virus (17) not included in our study were reactive with LAC, SSH, and Tahyna viruses, as reported, but nonreactive with other California serogroup viruses in our preliminary tests (data not shown). Recently, information concerning universal primers for California serogroup viruses was published (6) . The primers are probably quite useful because they were selected from the medium-sized RNA segment, where the G1 glycoprotein gene is located. This glycoprotein is responsible for much of the antigenic diversity among related viruses and among strains of a given virus. Those primers detected at least four California serogroup viruses (LAC, SSH, JC, and Trivittatus viruses), but it is not known if they serve as universal primers for the group, since other viruses of the genus were not tested. Further, they cannot be used for Bunyamwera serogroup viruses, since at least Cache Valley virus could not be detected. Some of the probable causes of the specificity problem with the diagnostic primers for bunyaviruses in the past are (i) that the primers were selected from sequence data for one virus, rather than being based on multiple sequence alignment of related viruses, because of the paucity of sequencing data at the time those primers were designed; (ii) that the extensive virus collection necessary for the cross-reactivity test was not usually available in most laboratories; and (iii) that there were high degrees of nucleotide sequence similarity among those viruses, as demonstrated by nearly 90% homology between the LAC and SSH virus small segments.
Regarding the utility of the virus-specific primers, the primers for SSH virus still require improvement. The virus-specific primer pair F, which was originally developed not for use as diagnostic primers but for molecular genetic studies (15) , generates a 67-bp amplicon, which is too small and can sometimes be confused with a primer dimer artifact when the latter becomes visible. Primer pair E generates a 394-bp amplicon, but because of the cross-reactivity with SSH and South River viruses, its field application requires special care in those areas where both of these viruses are endemic. Primer pair H also cross-reacts with JC and INK viruses. However, it is safely used to detect JC virus in North America, since INK virus does not exist there. In northern Europe, primer pair H can be used to detect INK virus, since it does not react with either Tahyna, SSH, or Batai virus and since JC virus does not exist there. One of the California serogroup viruses isolated in Russia (Table 2) reacted with primer pair H in our test, suggesting that this is a strain of INK virus or closely related to it. In fact, INK virus is known to be endemic but JC virus has not been found in the area of Russia where the unidentified virus was isolated (4) . As a part of the evaluation of the specificities of several pairs of primers for LAC virus, nine strains of LAC virus isolated in different parts of the United States were amplified by PCR. Three of the viruses tested represented three types (A, B, and C) classified on the basis of an oligonucleotide fingerprinting technique (9) . Those three types were reported to have overlapping geographic distributions. Our results showed that while all strains could be detected by three pairs of primers (A, B, and C), four strains could not be amplified by one pair (D) (Tables 1 and 3) .
The utility of the Bunyavirus PCR technique is not only for improved clinical diagnosis but also for virologic surveillance of mosquito populations in the field. In our tests, the specificity of the technique was always 100%. The false-negative results were limited to the pools containing an adult harvested during the eclipse phase following inoculation. The genomic equivalent unit obtained by quantification of viral nucleic acid is a better expression of the sensitivity limit for PCR assays than plaque titer because the former can detect RNA in noninfectious virions as well. Nevertheless, we used the latter unit in our studies for its simplicity and practical convenience. A reduction in virus titer (from a mean dose of 2.1 log 10 PFU per mosquito, or 1.8 log 10 PFU/ml) was observed for LAC virus immediately after inoculation into mosquitoes (0-h titer) (Table 4). However, overall, the reduction in infective titer by the substances in normal mosquitoes (18) was not evident, since noticeable reductions were not observed for CE virus-and JC virus-inoculated pools. Thus, the improved sensitivity of the PCR technique with mosquito pool specimens over supernatant specimens from cell culture may be partly explained by a possibility of coprecipitation of viral RNA facilitated by the presence of more-abundant nonviral RNA in the mosquito pools.
